In 7 experiments, the influence of varying stimulus onset asynchronies (SOAs) on the processing of redundant information about words and pseudowords was investigated. All stimuli were visually presented once or twice with 2 copies of the same item flashed either simultaneously or with short SOAs between presentations. The experiments revealed a redundancy gain for words that was absent for pseudowords. Furthermore, the redundancy gain disappeared at an SOA of 50 ms, and there was a gradual performance decline at longer SOAs. However, probing SOAs of 150 and 300 ms revealed that, compared with presentation of 1 target stimulus alone, words were processed significantly faster when target and redundant copy appeared with a 150-ms lag. The results are tentatively explained in a neurocognitive framework.
Simultaneous presentation of two or more identical stimuli can lead to significantly faster or more accurate responses compared with the presentation of a single stimulus. This redundancy gain (or redundant-target effect) has been reported for elementary visual stimuli (Miller, 1982; Miniussi, Girelli, & Marzi, 1998) , more complex arrays (Hellige & Michimata, 1989) , written consonantvowel-consonant (CVC) syllables (Hellige, Taylor, & Eng, 1989; Marks & Hellige, 1999) , and words (Banich & Karol, 1992; Hasbrooke & Chiarello, 1998; . In contrast with meaningful words, the redundancy gain is absent or reduced for meaningless but orthographically and phonologically regular letter strings (pseudowords; Hasbrooke & Chiarello, 1998; Mohr, Pulvermüller, Mittelstädt, & Rayman, 1996; . Simultaneous presentation of identical meaningful words to the right visual field (RVF; left hemisphere) and the left visual field (LVF; right hemisphere) leads to a redundancy gain in healthy participants but not in patients with commissurotomy (Mohr, Pulvermüller, Rayman, & Zaidel, 1994) .
The redundancy gain has been explained on the basis of race models postulating independent processing of each stimulus. These accounts are problematic because they have difficulty explaining why the redundancy gain for lexical material is (a) absent in split-brain patients when stimulus words are simultaneously presented in the LVF and RVF, and (b) absent or reduced in healthy individuals processing meaningless pseudowords . The full spectrum of data on the redundancy gain elicited by words can be explained if facilitatory interactions between the neuronal processes induced by two identical meaningful stimuli are assumed. This facilitation can occur between the hemispheres, provided that the commissures are intact.
The redundancy gain has been explained, on the basis of neurocognitive models rooted in Hebb's (1949) cell-assembly theory, by the process of summation of neuronal excitation caused by double-stimulation of a strongly connected neuronal population (cell assembly). Neuronal representations, cell assemblies, functioning as neuronal summation devices can be assumed for learned entities, such as gestalts or words (Braitenberg & Pulvermüller, 1992; Pulvermüller, 1999; , but clearly they do not exist for new items (e.g., pseudowords). This could explain the reduction or absence of redundant-target effects for pseudowords. Cell assemblies distributed over both hemispheres can explain the redundancy gain occurring between the hemispheres (Mohr, Pulvermül-ler, Rayman, & Zaidel, 1994; , and naturally, commissurotomy abolishes such interhemispheric summation in the split brain.
Redundant-target effects have been observed when stimulus words were simultaneously presented, but it is still unclear whether the effect requires precisely simultaneous presentation of two identical words or whether it persists at short stimulus onset asynchronies (SOAs). Stimuli following a target stimulus by short SOAs have frequently been observed to cause deterioration of behavioral responses, backward masking, when nonidentical stimuli are shown (e.g., Di Lollo, Löwe, & Scott, 1974) . However, facilitation by a prime following the target was found in a lexical decision task using semantically related primes compared with unrelated preceding stimuli (Kiger & Glass, 1983) . Further, the influence of so-called flankers, that is, stimuli (usually letters or numbers) presented at a location that is neither at fixation nor at a locus toward which attention is being directed, may lead to facilitatory or inhibitory effects depending on the SOA and additional experimental parameters (C. W. Eriksen, Morris, Yeh, O'Hara, & Durst, 1981; Flowers & Wilcox, 1982) . Thus, it is unclear (a) whether the second presentation of the same meaningful word will lead to positive or negative interference with the processing of the first stimulus if SOAs are nonzero and (b) whether there is a systematic change of processing gains and costs with SOA. Before investigating this issue, gains and costs observed with stimulus redundancy are reviewed.
Many experiments investigating an effect called repetition priming (or identity priming) have been carried out in the last decades. The results show that the first presentation of a word usually facilitates processing of the same word presented seconds, minutes, hours, or days later (e.g., Forster & Davis, 1984; Jacoby, 1983; Scarborough, Cortese, & Scarborough, 1977) . A word being repeated with several seconds between its two presentations produces larger positive priming effects than a word with several minutes or hours between the presentations (e.g., Karayanidis, Andrews, Ward, & McConaghy, 1991; Ratcliff, Hockley, & McKoon, 1985) . Repetition priming reported for pseudowords is less pronounced than that for words (Monsell, 1985; Rugg, 1987) . A prime word may have a positive priming effect on its processing when it is presented for the second time because preactivation of the cortical representation allows it to become active faster and more reliably (Milner, 1957) .
Whereas repetition priming at long SOAs is positive, a negative priming effect was observed with short SOAs. Humphreys, Besner, and Quinlan (1988) found negative priming when an unmasked prime immediately preceded the identical target (SOA of about 300 ms). However, positive priming was observed when prime and target were six trials (and several seconds) apart or when the prime was masked. This indicates that the SOA of identical stimulus presentations is important for deciding whether the influence will be facilitatory or inhibitory.
The negative priming effect observed by Humphreys et al. (1988) may be analogous to repetition blindness (Kanwisher, 1987) , that is, the frequent inability to report the second presentation of a stimulus during rapid serial visual presentation with SOAs of 100 -500 ms (Bavelier, Prasada, & Segui, 1994; Fagot & Pashler, 1995; Hochhaus & Marohn, 1991; Kanwisher, 1987 Kanwisher, , 1991 . Repetition blindness occurs for words presented in isolation or in sentences. A similar effect has been reported for homophones and for phonologically similar words, but repetition blindness is most pronounced for identical words. That repetition blindness occurs only at SOAs of less than 500 ms further indicates that SOAs critically determine the effect of stimulus redundancy.
Morton's logogen model (Morton, 1969) has been applied for explaining positive priming effects in lexical processing. According to this model, the threshold of activation of a logogen (a functional lexical unit) decreases after it has been activated. Therefore, reactivation of the logogen is speeded for repeated word stimuli. Whereas the model explains most facilitatory effects, additional assumptions are necessary to explain behavioral costs related to redundant information.
Repetition blindness has been interpreted on the basis of the distinction between the processes of type recognition and token individuation (Kanwisher, 1987) . At short SOAs, the second stimulus becomes assimilated to the first one and only one token of the word type is registered consciously. Luo and Caramazza (1995) instead attributed repetition blindness to refractoriness or habituation of perceptual processes. Although these models cover repetition blindness, they do not explain facilitatory influences such as the redundant-target effect (Hasbrooke & Chiarello, 1998; .
Predictions on Redundancy Effects at Short SOAs
According to a Hebbian model of cognitive processing, a meaningful stimulus induces two kinds of excitation processes: (a) a wave of activation in sensory cortices (sensory activation), probably visible (e.g., in the N100 event-related potential) and (b) the subsequent specific activation of a cortical representation (cell-assembly ignition; Braitenberg, 1978) , probably visible in a potential occurring with peak latencies around 150 -250 ms, called the mismatch negativity (Nää-tänen, 1995; Pulvermüller, 1996 Pulvermüller, , 1999 . In addition, any activity increase in the cortex must also initiate a regulation mechanism designed to keep the cortical activity level constant (Braitenberg & Schüz, 1992; Fuster, 1995) , thus inducing cortical inhibition (or disfacilitation) after each excitation process. This inhibition is assumed to be not stimulus-specific but global, and it may be reflected in a positive event-related potential component maximal about 300 ms post-stimulus-onset (e.g., Elbert & Rockstroh, 1987) . Because neurophysiological evidence indicates differential time courses of activation and global-inhibition processes, redundant stimulus presentation can be predicted to have effects that vary with SOA.
To achieve behavioral facilitation, that is, speeding of responses or increase in accuracy, the processes induced by one stimulus must have a facilitatory influence on those caused by the other. At the neurophysiological level, facilitation is well-known to be realized as summation of neuronal activity. Summation at the neuronal level requires that excitatory processes must occur simultaneously or near-simultaneously. Only if they occur within a few milliseconds can two simultaneous or near-simultaneous waves of activity summate, thereby causing faster or more efficient neuronal computation. The processes of spatial and temporal summation can be traced down to the summation of excitatory postsynaptic potentials (EPSPs) at the cellular level (see Kandel & Schwartz, 1991) . In contrast, asynchronous waves of excitation do not allow for strong facilitation. In addition, a second wave of excitation will be greatly attenuated by the postulated inhibitory regulation mechanism triggered by the first wave of excitation. From this perspective, the redundancy gain should strictly depend on stimulus synchrony. Simultaneous stimulus presentation should lead to cortical facilitation, whereas asynchronous presentation of two copies of the same stimulus will, in most cases, induce two asynchronous excitation processes, which does not allow for effective summation of neuronal activity and may lead to inhibitory interference. Excitation processes induced by the second stimulus occur during global inhibition induced by the first stimulus and will therefore be attenuated, and correspondingly, the inhibition process called for by the second stimulus may affect processes evoked by the first. If the activation and deactivation cycles caused by the two stimuli are antiphasic, excitation and inhibition will tend to cancel each other, and the second redundant stimulus should even have a negative effect on processes induced by the first. Therefore, simultaneous presentation of redundant stimuli should improve processing and performance compared with a single stimulus, whereas asynchronous presentation should lead to performance decline. Only after the inhibition wave caused by the first stimulus has ceased should there be facilitation, a positive priming effect of the first stimulus on the processing of the second. Facilitation should only be pronounced for words, or more generally, for meaningful material for which preexisting neuronal representations can be assumed. This is consistent with the facts that (a) redundant-target effects emerge when two stimuli are presented simultaneously and (b) identity priming emerges with long SOAs (e.g., between trials).
There is a possibility that short SOAs can lead to a positive interaction between the processes induced by two identical stimuli and, thus, to better performance. Such positive interaction requires that two excitatory processes occur at the same time, although two sequential activation processes are postulated to be induced by each stimulus presentation. Apart from simultaneous stimulus presentation, the following possibility exists for eliciting simultaneous cortical activation processes: The SOA between the two stimulus presentations could be such that early sensory-activation processes induced by the second stimulus occur synchronously with the later ignition process induced by the first stimulus. In this case, there is simultaneous cortical activation, although stimulus presentation is asynchronous. The activity wave caused by the second redundant word stimulus, which presumably excites neurons in visual cortices and may also reach the cell assembly representing the stimulus word, would occur simultaneously with the full activation, the ignition of the wordrelated cell assembly caused by the earlier stimulus. Because the sensory-activation process induced by the second stimulus is assumed to occur during cell-assembly ignition caused by the first stimulus, we propose the term ignition priming for behavioral changes related to this hypothetical process.
We estimated the relevant time window in which ignition priming may occur as follows: Cell assemblies representing common words have been proposed to ignite 150 -250 ms after onset of visual word stimuli. This proposal is based on the observation that words of different kinds elicited specific brain responses in this latency range (Pulvermüller, Lutzenberger, & Birbaumer, 1995) , which relate to word semantics and thus require that access to word forms has taken place (Pulvermüller, Mohr, & Schleichert, 1999) . Therefore, retrieval of word-form information has occurred around 200 ms after onset of visual word stimuli (Pulvermüller, 1999) . It is well-known from physiological investigations that a visual stimulus causes cortical activation about 50 ms after its onset (Ducati, Fava, & Motti, 1988) . Therefore, if the ignition process caused by a Stimulus 1 (S1; assumed latency: 200 ms upon S1) and the sensory-activation process caused by a Stimulus 2 (S2; 50 ms upon S2) ought to occur simultaneously, the SOA should be about 150 ms. Therefore, ignition priming, a facilitation effect of the second stimulus on processing of the first, was expected at an SOA of about 150 ms.
We do not aim at specifying relative magnitudes of the facilitatory and inhibitory effects of redundant stimulus presentation at different short SOAs. Whereas physiological data and brain theoretical considerations suggest differential facilitatory and inhibitory effects at different SOAs, it remains unclear whether the inhibitory effect is larger than the presumably simultaneously occurring facilitating effect of ignition priming or vice versa. The prediction was, therefore, that the ignition-priming effect should lead to a facilitation of word processing relative to a control condition in which stimuli are being processed that are not represented by a cortical cell assembly (e.g., pseudowords). In this control condition, only the inhibitory effect should be reflected, so that the comparison of the word processing condition with the control condition could reveal the facilitatory effect.
In summary, we believed that positive priming should occur when identical meaningful stimuli are presented at a 0-ms SOA (redundancy gain) and at an SOA not yet exactly defined (possibly around 200 ms; ignition priming). For other SOAs, no positive priming effects should be present, but instead, presentation of a second redundant stimulus may lead to negative priming. Furthermore, because the process of activation of a cortical representation (ignition of the cell assembly) can be assumed for meaningful stimuli that have been subject to learning (e.g., words), but not for uncommon or meaningless items (e.g., pseudowords), the latter should not give rise to strong redundancy gains or ignition priming. For convenience, empirical predictions of the neurobiological model of cognitive processing outlined above regarding the effect of a second redundant stimulus (S1Ј) on processing of the first stimulus (S1) are repeated and systematized below:
Hypothesis 1: If two identical and meaningful stimuli activate their cortical representation at the same time, summation of excitation within the cell assembly occurs (redundancy gain). Thus, at a 0-ms SOA, a word S1Ј facilitates processing of S1 (prompting faster and/or more accurate responses).
Hypothesis 2:
If neuronal excitation processes induced by S1 and S1Ј become asynchronous, summation processes become less effective. Thus, at small SOAs (less than 0 ms), the redundancy gain for words vanishes.
Hypothesis 3: If SOAs further increase, excitation and inhibition processes induced by S1 and S1Ј become antiphasic. Therefore, a negative priming effect will result (prompting slower and/or less accurate responses).
Hypothesis 4:
There is an SOA greater than 0 ms, at which the early sensory-activation process induced by S1Ј occurs simultaneously with the late cell-assembly ignition evoked by S1, thus allowing for summation effects (ignition priming). At this SOA, S1Ј will again exert a positive priming effect on the processing of S1.
Hypothesis 5: Positive priming effects are specific for meaningful stimuli but are absent for meaningless stimuli for which no cognitive representation can be assumed.
1 Negative priming (see Hypothesis 3) is related to global cortical inhi- 1 The claim is that pseudowords do not activate specific memory traces as words do. This is not to say that words do not activate memory traces at all. According to current views (cf. Pulvermüller, 1999) , pseudowords partially activate memory traces of phonologically related words, but do not fully activate any of these. Physiological data are consistent with this view (Pulvermüller, Prei␤l, Lutzenberger, & Birbaumer, 1996) . The pseudoword response may occur if activity in the network ceases after no word-specific cell assembly became active. Priming by a pseudoword is not assumed to make this process more effective. bition, and therefore, it is equally present for meaningless and meaningful material. Although factors influencing identity or repetition priming have already been carefully investigated in great detail, it is difficult to compare the varying effects of SOAs on stimulus repetition with each other, because of differences in experimental paradigms, stimuli, and presentation times greatly vary between these studies. Leaving many of these important factors aside, it appears that a consciously perceived prime exerts positive priming on an identical target if it is presented at an SOA of several seconds or longer, whereas it usually causes negative priming effects if the SOA is below 500 ms, and there is again a positive priming effect at an SOA of 0 ms (redundancy gain). However, the brain-theoretical considerations introduced above would suggest that important dynamics already occur within the first tenths of a second after presentation of a stimulus, and if behavioral experiments ought to tap into these processes, shorter SOAs must be investigated in small steps using comparable paradigms. Experiments with shorter SOAs have frequently been performed (e.g., Glaser & Düngelhoff, 1984; Levelt et al., 1991; Schriefers, Meyer, & Levelt, 1990 ), but to our knowledge, the effect of redundant presentation of meaningful stimuli has not been systematically investigated at short SOAs.
In addition, it is important to keep in mind that in repetitionpriming paradigms, the processing of the second stimulus is investigated. In contrast, if SOAs are very small and the first stimulus is being consciously perceived, it is impossible to investigate specific responses to the second of two identical stimuli. One may ask participants to respond to the second occurrence of two identical stimuli, but this would require the participant to ignore the first of the identical items and only respond to the second (that follows it by, e.g., 100 ms), which is hardly possible. In contrast, it is not a problem to have experimental participants respond to whatever they perceive first and to investigate the effect of a subsequent redundant item. For this reason, we investigated responses to the first of two identical stimuli.
This strategy is similar to that underlying the flanker paradigm, in which a to-be-attended stimulus (usually presented at fixation) is accompanied by a flanker that appears at another, not-attended locus (B. A. Eriksen and Eriksen, 1974; C. W. Eriksen et al., 1981; Flowers & Wilcox, 1982) . In contrast, the redundancy gain was found when stimuli were presented not at fixation but at loci where the probability of stimulus occurrence was high (usually .5 or higher). Thus, participants can be assumed to have adjusted their attentional spotlight such that it included the possible stimulus locations. It may therefore be that, in contrast to flanker effects, redundant-target effects crucially depend on attention being spent to all possible target locations. One should notice that it is not possible to investigate the influence of short SOAs on processing of redundant stimuli within only one experiment, for the following reason: To obtain a redundancy gain, one must show visual stimuli synchronously and, thus, at different loci of the visual field. For short SOAs (less than 100 ms) stimuli can be presented tachistoscopically, but for longer SOAs (greater than 100 ms) this may be problematic, because presentation of the first stimulus may induce an eye movement around 150 ms or later, possibly influencing perception of S1Ј. To avoid eye movements at longer SOAs, it appears advantageous to present stimuli at the locus of fixation. Therefore, at short SOAs, redundant stimuli were shown at different loci in the perifoveal area, but in the experiments using SOAs greater than 100 ms, stimuli were presented at fixation. A series of seven experiments was performed investigating Hypotheses 1-5 above. While keeping other variables (e.g., task, stimuli) constant, we highlighted the influence of the variable SOA (varying between 0 and 300 ms) on the processing of redundant stimuli.
Experiment 1
The purpose of this experiment was to replicate the redundancy gain for words observed in previous studies when two identical meaningful stimuli were simultaneously presented to the left and right visual hemifields . Furthermore, this effect, which has also been called bilateral gain, is important as a baseline for interpreting the effects of short SOAs. According to Hypothesis 1 above, words are processed significantly faster and/or more accurately when presented bilaterally compared with unilateral presentation. As detailed in Hypothesis 5, no redundancy gain was expected for pseudowords.
Method
Participants. Twenty-two university students (11 women, 11 men) participated in this experiment. All participants were native speakers of German and were paid 15 DM (U.S.$8) for one 1-hr session (including practice). All participants were strongly right-handed, as assessed by a short version (five items) of the Edinburgh Handedness Inventory (Oldfield, 1971) , and had no left-handers or ambidexters in their family. Participants had normal or corrected-to-normal vision in both eyes and no history of neurological illness. The mean age of the participants was 24.1 years (range ϭ 20 -29 years).
Material and design. The stimuli consisted of 78 words and 78 pseudowords. Words and pseudowords were exactly matched for number of syllables, phonemes, and graphemes (word length). All words and pseudowords consisted of two syllables and had a word length of four to eight letters. For each word, a pronounceable pseudoword was constructed either by permutating some of its letters or by exchanging some of its letters with letters of other words of the same category. All pseudowords were pronounceable, orthographically regular, and not homophonic to real words.
All words were concrete, highly imaginable German content words. Thirty-nine words had a high frequency (highF) of occurrence, and the other 39 words had a low frequency (lowF). These word lists were matched for length (mean number of graphemes was 5.53 for highF vs. 5.51 for lowF). To confirm that these items were used with different frequencies, we determined word frequencies by using two frequency counts, the Ortmann evaluation (Ortmann, 1975) and the CELEX database (Baayan, Peipenbrock, & van Rijn, 1993) . Mean log word frequencies (and nottransformed-frequencies) of highF words were 2.4 per million (223.9 per million) according to Ortmann and 2.1 per million (120.4 per million) according to CELEX. The corresponding numbers for lowF words were 1.4 per million (24.9 per million) according to Ortmann and 1.3 per million (17.6 per million) according to CELEX. The Ortmann count indicated that the frequency ranges of the two lists were nonoverlapping (with occasional outliers according to CELEX). Log-frequency ranges (calculated according to Ortmann) were 2.0 -2.7 (106 -933 per million) for the highF items and 1.0 -1.7 per million (11-48 per million) for the lowF items. Thus, the items in the two word lists were clearly distinct regarding the frequency of their use.
Stimuli were presented on a 17 in. NEC MultiSync 5E monitor controlled by an IBM-compatible 486 computer. The experiment was carried out in a room with dim illumination. Participants were seated approximately 50 cm from the monitor with their chin in a chin rest to minimize head movements during the experiment. Four keys on the computer keyboard were used to collect participants' responses.
Every participant participated in one experimental session of approximately 30 min. The task was lexical decision. Participants were instructed to decide as fast and as accurately as possible if a certain letter string was a real German word or a pseudoword in German. The response was made by pushing two of four computer keys at the same time (bimanual responses). For each trial, the fastest response was determined (see Mohr, Pulvermül-ler, & Zaidel, 1994) . Word decisions were expressed by pressing buttons with the middle fingers, and for pseudoword decisions the index fingers were used. Before starting the experiment, participants had to participate in a practice block with 20 trials. Practicing was repeated until participants felt familiar with the task. The experiment itself was divided into three blocks, each containing 52 items selected at random from the stimulus list (13 highF words, 13 lowF words, and 26 pseudowords). Thus, in contrast with earlier experiments investigating stimulus redundancy, there were no repetitions of letter strings. There was a break of variable length between any two of the blocks. Participants could determine the length of the break by pressing a button. The sequence of words and pseudowords was randomized for each participant.
Participants were instructed to fixate their eyes on a central fixation cross appearing in the middle of the screen. After presentation of the fixation cross for 800 ms, there was a warning tone for 200 ms, indicating that a stimulus would follow. Then, a stimulus was presented for 100 ms in the LVF, in the RVF, or simultaneously in both visual fields (BVF). Participants' eye movements were observed carefully and continuously by the experimenter using a video camera system to ascertain that participants did not move their eyes. There was an intertrial interval randomly varying between 2.5 and 3.5 s. Stimuli were shown in black on a white screen. They were presented in uppercase letters, their innermost edge 1.4°from fixation. The outermost edge of the words was between 2.5°and 4°from fixation, and stimuli subtended 0.6°of vertical visual angle.
Only the fastest response (buttonpress) was used for analysis of accuracies and latencies. Only trials with accurate responses entered the latency analysis.
Results
Statistical evaluation. Accuracies in percentage of errors and mean reaction times for correct word or pseudoword decisions were determined for each stimulus category, presentation mode, and participant. Two-way analyses of variance (ANOVAs) were calculated for determining effects of the variables' wordness and presentation mode and, in a second analysis, word frequency and presentation mode. Significant interactions were further investigated by planned comparisons using one-way ANOVAs.
Words versus pseudowords. Accuracy data showed a significant main effect of the factor presentation mode, F(2, 20) ϭ 35.7, p Ͻ .0001. The Wordness (word or pseudoword) ϫ Presentation Mode interaction was also significant, F(2, 20) ϭ 7.9, p ϭ .003. This interaction is displayed in Figure 1 . The best accuracy scores for words were found in the BVF condition. Compared with the RVF, performance in the BVF condition was significantly better, F(1, 21) ϭ 34.8, p Ͻ .0001. BVF stimulation also led to better accuracy scores than did LVF stimulation, F(1, 21) ϭ 52.6, p ϭ .0001. Accuracy scores obtained in the RVF were significantly better than LVF scores (right visual field advantage; RVFA), F(1, 21) ϭ 19.2, p ϭ .0003. Pseudowords also led to reduced performance when presented in the LVF compared with the RVF, F(1, 21) ϭ 19.6, p ϭ .0002, and compared with BVF, F(1, 21) ϭ 5.2, p ϭ .03. However, pseudowords led to equal numbers of errors when presented in the RVF and BVF conditions (F Ͻ 1). Responses to words and pseudowords did not differ significantly, except in the bilateral condition, in which words revealed a significantly higher percentage of correct responses compared with pseudowords, F(1, 21) ϭ 5.8, p ϭ .02.
Latency analyses revealed significantly faster reaction times for words (LVF ϭ 840 ms, RVF ϭ 768 ms, BVF ϭ 742 ms) than for pseudowords (LVF ϭ 945 ms, RVF ϭ 882 ms, BVF ϭ 903 ms), F(1, 21) ϭ 33.5, p Ͻ .0001. In addition, a significant main effect of presentation mode was obtained, F(2, 20) ϭ 19.7, p Ͻ .0001, as was a significant Wordness ϫ Presentation Mode interaction, F(2, 20) ϭ 3.5, p ϭ .05.
HighF versus lowF words.
Accuracy data demonstrated a significant main effect of word frequency, F(1, 21) ϭ 10.6, p ϭ .004, and presentation mode, F(2, 20) ϭ 35.8, p Ͻ .0001. One-way ANOVAs revealed highly significant differences between the presentation modes for both stimulus categories. The bilateral presentation always led to very low error scores, whereas LVF error scores were highest (all F values Ͼ 12, all p values Ͻ .002).
Discussion
Accuracy data revealed a strong redundancy gain for words relative to both unilateral modes of presentation. Two meaningful words presented simultaneously are processed more accurately than words presented only once. This was the case regardless of whether words were presented to the language-dominant left hemisphere (RVF condition) or to the right hemisphere (LVF condition). Direct stimulation of the language-dominant hemisphere led to significantly higher accuracy than did stimulation of the nondominant hemisphere (LVF). For pseudowords, no redundancy gain could be observed relative to direct presentation to the left hemisphere. The Wordness ϫ Presentation Mode interactions were significant in the analyses of accuracy and latency measures. Word frequencies influenced response times and accuracy but did not substantially influence the effects of presentation modes in the present experiment.
These results confirm earlier findings that meaningful material presented redundantly is processed significantly better than material presented only once (Banich & Karol, 1992; Hellige, Jonsson, & Michimata, 1988; . Consistent with our earlier study , the accuracy measure revealed a significant processing improvement between the RVF and the bilateral conditions, but in contrast to this earlier study, response times only revealed a tendency toward better processing in the bilateral condition. However, the present result in accuracy data was much more pronounced compared with that of the earlier study. Whereas the difference in accuracy was only 6% in the earlier study, the present one led to a difference about twice as high. The lack of significant differences on the response-time measure in the present study may therefore be accounted for on the basis of a speed-accuracy trade-off. One should note that, for example, the error percentage was less than 10% after RVF presentation of words in the earlier study, whereas it was above 20% in the present experiment. The smaller number of correct trials entering the analyses of response times led to a larger variance of the latency measure in the present data. To obtain smaller error rates and more reliable response times, we therefore adjusted parameters of stimulus presentation in all subsequent experiments (see Experiments 2-6).
The cognitive processes invoked in a lexical decision task can roughly be subdivided into three stages: (a) early prelexical perceptual processes, (b) lexical access, and (c) postlexical motor planning and execution (see, e.g., Chiarello, 1988) . It can be asked whether the cognitive locus of the bilateral advantage is at Level a, b, or c. One may argue that if the bilateral advantage observed in the present task occurred at the prelexical level, it should be present for both words and pseudowords, because the stimuli from these categories were physically very similar, and the early perceptual processes they invoke can therefore be assumed to be the same. However, the fact that pseudoword processing did not profit from redundant presentation argues against a prelexical locus of the effect. If the locus of the bilateral gain was at the postlexical level of response preparation, one would expect that two identical words can cause it but that two different words both inducing the same postlexical processes would also lead to better performance compared with one stimulus alone.
Although no redundancy gain was found for pseudowords in earlier studies using unprimed lexical decisions , Hasbrooke and Chiarello (1998, Experiment 1) recently found it in a primed lexical decision task. When comparing RVF and BVF performance, a global superiority of the bilateral condition was found, and the Visual Field ϫ Wordness interaction did not reach significance. Their redundant-target effect is thus compatible with a prelexical or presemantic interpretation (cf. Hasbrooke & Chiarello, 1998, p. 91 ). However, we should emphasize that although no significance was achieved in their analysis, average values of both accuracies and response times suggested a stronger bilateral gain (relative to one single stimulus appearing in the RVF) for words. From their Figures 1 and 2 , we estimate the bilateral gains to be 5% versus 2% on accuracies and 50 ms versus 20 ms on average response times, the larger gains being obtained for words in both cases. This suggests that although there was no significant interaction in this particular experiment, the data do not falsify a differential bilateral gain that is stronger for words than for pseudowords. Because we have reproduced a bilateral gain specific for words in an unprimed lexical decision task in the present experiment, we suggest that the differing results in Hasbrooke and Chiarello's work may be due to the more complex design of their experiment. For example, their word targets were ambiguous words, and their target stimuli were preceded by primes (SOA ϭ 750 ms). The complex semantic structure of the word material and the additional prime may have increased processing load. The increased processing load may make it more difficult to simultaneously attend to both areas where stimuli can occur, thus leading to a global superiority of performance when stimuli are shown twice. More research is necessary to clarify this issue.
The most important conclusion from the results of our Experiment 1 is the following: If the nondominant hemisphere is stimulated in addition to the language-dominant hemisphere, word processing is improved. This nontrivial effect indicates that the nondominant hemisphere helps the dominant one to process words. This result is consistent with psychophysiological data demonstrating that word-class-specific signs of electrocortical activity can be recorded from both hemispheres almost synchronously and shortly after stimulus presentation (see, e.g., Pulvermüller, Lutzenberger, & Birbaumer, 1995) . In neurobiological terms, the redundancy gain can be explained by summation processes occurring in cell assemblies distributed over both hemispheres . If both hemispheres are stimulated simultaneously by presentation of two identical words, more neurons belonging to the interhemispheric cell assembly are activated compared with stimulation with only one word. This results in activity increase, because of spatial summation of EPSPs in many neurons of the cell assembly, and therefore, to more reliable (or faster) ignition of the network. For spatial summation in interhemispheric cell assemblies, excitatory connections through the corpus callosum appear to be crucial, because the redundancy gain for meaningful words is absent in the split brain (Mohr, Pulvermüller, Rayman, & Zaidel, 1994) .
We note that aspects of the present data, although compatible with a model postulating hemispheric cooperation, can also be explained by hemispheric race models. These models assume that the two hemispheres act independently and that the faster hemisphere will usually control the response in the bilateral condition . This could account for the redundancy gain in the bilateral condition, at least in the latency data. Following the proposal by Miller (1982) , it is possible to calculate the probability of accurate responses in the bilateral condition from the accuracy values obtained in the unilateral presentation condition with the formula:
The calculated P(BVF) values were very close to the values obtained in Experiment 1 (P[BVF] ϭ .91; actual accuracy in the BVF condition ϭ 87%). One should note that the accuracy with which participants reacted was most likely too high to allow for valid comparison between results in the first experiment and those predicted by the race model. According to Miller (1982) , the inequality can only be evaluated for small values of t. It is noteworthy that Miller used only reaction time data in his calculations. Although one can extend this approach to accuracy data (see, e.g., Marks & Hellige, 1999) , once the predicted values approximate unity (1.0), there is little room for experimental results to exceed it (which makes this approach hard to falsify).
Additional evidence is therefore needed to decide between a horserace and a hemispheric-cooperation model.
Such additional evidence was obtained from clinical populations. Patients for whom a deficit in interhemispheric interaction is either evident (split-brain syndrome; Mohr, Pulvermüller, Rayman, & Zaidel, 1994) or likely (schizophrenia; Mohr, Pulvermül-ler, Cohen, & Rockstroh, 2000) were shown to exhibit no gain or a much reduced bilateral gain for words. The absence of a bilateral advantage for words and better (however nonsignificant) performance for pseudowords in the bilateral condition show two effects: (a) that there is subcallosal information transfer and (b) that the lexical transfer on the word level occurs via the corpus callosum. Subcallosal transfer of information in patients with complete commissurotomy is a well-established finding (Zaidel, Zaidel, & Bogen, 1990 ) and is assumed to occur at a low processing stage. This result is rather inconsistent with an independent horse-race model and renders the cooperation model the only model providing an explanation of the full spectrum of data available on the wordspecific bilateral gain in lexical processing.
In conclusion, Hypothesis 1 above receives additional support from the present experiment. In addition, Hypothesis 5 regarding pseudoword processing is supported as far as simultaneous stimulus processing is concerned. The absence of the redundancy gain (relative to RVF presentation) for pseudowords may be explained by the lack of cell assemblies for pseudowords that does not lead to interhemispheric summation of neuronal activity.
Experiment 2
Redundant word presentation to the left and right of fixation leads to better processing than if information is presented only once. This may crucially depend on the fact that each of the cortical hemispheres receives full stimulus information. In this case, a different behavioral pattern should arise if stimuli are being presented in the upper and lower visual fields instead of to the left and right. However, if the word-specific redundancy gain simply depends on redundancy, a similar pattern of results would be expected under these conditions.
Method
Participants. Twenty-four university students (12 women, 12 men) participated in this experiment and were paid 15 DM (U.S.$8) per hour for their participation. The mean age of the participants was 20.9 years (range ϭ 18 -24 years). All other characteristics and criteria were the same as in Experiment 1.
Material and design. Stimuli and apparatus were the same as in Experiment 1. Words and pseudowords were presented in the upper, or superior visual field (SVF), in the lower, or inferior visual field (IVF), and simultaneously in the SVF and IVF (BVF). To obtain higher accuracies and more reliable reaction time data than in Experiment 1, we chose to present the same stimuli closer to fixation. The two stimulus locations were 1 cm above and 1 cm below the central fixation cross (1.1°from fixation). The vertical visual angle of each stimulus was 0.6°. Their horizontal visual angle subtended between 1.4°and 2.8°. Each stimulus was presented for 25 ms. All other features of the procedure were the same as in Experiment 1. One should note, again, that in this experiment, stimuli were projected closer to the fovea than in Experiment 1. Recall that this was done to obtain higher accuracies and smaller variances of latency scores than in the previous experiment. Reaction times were measured beginning from the first presentation of the stimulus in this and in all of the following experiments.
Results
Statistical evaluation. The factors wordness (word or pseudoword), presentation mode (SVF, BVF, or IVF), word frequency (highF or lowF), and SOA were analyzed in separate two-way ANOVAs. Only correct lexical decisions were analyzed. All statistical procedures were the same in all experiments reported in this article.
Words versus pseudowords. Error scores were low (high accuracy) in each experimental condition (minimum: 95% correct responses), and no significant differences were obtained in analyses using the accuracy measure. This can be explained by a ceiling effect for error scores.
Reaction times revealed a main effect of wordness with faster reactions to words than to pseudowords, F(1, 23) ϭ 46.4, p Ͻ .0001, MS ϭ 5,415; a main effect of presentation mode, F(2, 46) ϭ 29.9, p Ͻ .0001, MS ϭ 480; and a significant Wordness ϫ Presentation Mode interaction, F(2, 46) ϭ 46.5, p ϭ .003, MS ϭ 717. This interaction is displayed in Figure 2 . Reactions to words and pseudowords differed significantly in all three conditions. Words presented once were processed significantly slower than words displayed twice in the BVF condition (SVF vs. BVF:
There was no significant difference between responses to words displayed above rather than below fixation (F Ͻ 1). For pseudowords, no significant difference was obtained between presentation modes.
HighF versus lowF words. A two-way ANOVA of the accuracy scores failed to reveal significant effects of the factors word frequency and SOA. Further, accuracies revealed a robust wordfrequency effect, F(1, 23) ϭ 24.0, MS ϭ 570, but the wordfrequency factor did not significantly interact with presentation mode.
Discussion
A redundancy gain was observed with two copies of the same word being flashed simultaneously to the upper and lower visual fields, compared with presentation of only one item at either location. No comparable redundancy effect was seen for meaningless pseudowords. This pattern of results closely matches the earlier finding of a bilateral gain for words but not pseudowords , Experiment 1). Therefore, the positive effect of stimulus redundancy on word processing does not depend on presentation in the LVF and RVF and the putative processes of interhemispheric interaction invoked by such paradigms (see . Instead, it appears that the redundancy gain occurs independently of the exact stimulus locations, given that stimuli are shown close to fixation .
Although a redundancy gain was revealed by both Experiments 1 and 2, there are obvious differences: Whereas in Experi-ment 1, accuracy scores yielded the clearest results, Experiment 2 evidenced differences on response times. However, these differences relate to parameters of the experimental settings. Actually, stimuli were presented closer to fixation in this experiment to achieve higher accuracies and, thus, to reduce the variance of average response times obtained from each individual. This strategy was successful (as it was in earlier series of experiments; see, e.g., Mohr et al., 1996) : In Experiment 2, stimuli were projected to the perifoveal area but as close as possible to the fovea (greater than 0.6°), leading to better perception and producing less errors and faster reactions. Accuracy scores were so high that the lack of significant differences on this measure is probably due to a ceiling effect. The high percentage of correct responses increased the number of data points available for latency analysis and, therefore, led to a smaller variance of reaction time scores. In contrast, accuracies in Experiment 1 were relatively low, leading to a larger variance in reaction times. In Experiment 1, stimuli were more difficult to perceive, because their outermost edge was up to 4°f rom fixation. In addition, the slower reaction times in Experiment 1 (compared with Experiment 2) are also consistent with the assumption of suboptimal perceptual conditions. Thus, although different dependent measures revealed the redundancy gain in Experiments 1 and 2, the effect likely relates to the same underlying cause.
One way of explaining the present facilitation of responses by redundant word presentation above and below fixation is offered by the neurocognitive framework outlined in the introduction (see Pulvermüller, 1999) . Words, but not pseudowords, are represented by strongly connected cell assemblies distributed over wide cortical areas and including neurons in both hemispheres. Bilateral stimulation as well as any other redundant stimulation with two identical words will lead to double activation of an assembly and, because the two waves of activation in the same strongly connected network of neurons can summate, activation of the ensemble will be faster and/or safer. For pseudowords, similarly effective summation devices (strongly connected neuron ensembles) are not available, therefore explaining the absence (or great reduction) of the redundancy effect.
We should again briefly address the study by Hasbrooke and Chiarello (1998) : These authors also found a redundancy gain for pseudowords. Our data from Experiment 2 do not strongly speak to the issue of whether there can be a redundancy gain for pseudowords as well. As can be seen by inspection of Figure 2 , a minimal difference in average scores between the redundant conditions and the other two could also be found here. However, the difference was not statistically significant, and the significant Presentation Mode ϫ Wordness interaction proved that word and pseudoword responses changed differently as a function of presentation. Nevertheless, these data cannot provide strong evidence against a possible redundancy gain for meaningless wordlike material. Most likely, it exists but needs to be uncovered by paradigms such as the one successfully used by Hasbrooke and Chiarello. 
Experiment 3
Redundant presentation of meaningful material leads to better processing than if information is presented only once. However, as detailed above, redundancy per se does not necessarily lead to better behavioral responses. The first presentation of a stimulus can actually lead to worse processing of its second occurrence compared with single presentation of the stimulus if the SOA is several hundred milliseconds. The Hebbian model suggests that synchronous activation processes are necessary to obtain a redundancy gain. The purpose of Experiment 3 was to investigate the effects of SOAs of 100 ms and less on the processing of the first out of two stimuli. According to Hypothesis 2, we expected that the redundancy gain for meaningful material would vanish at short SOAs.
Method
Participants. Eighteen university students (16 women, 2 men) participated in this experiment and were paid 15 DM (U.S.$8) per hour for their participation. The mean age of the participants was 21.8 years (range ϭ 19 -27 years). All other characteristics and criteria were the same as in Experiments 1 and 2.
Material and design. Stimuli and apparatus were the same as in Experiments 1 and 2. A lexical decision task was used in which the same stimulus (word or pseudoword) was presented either simultaneously or with a minimal SOA between the onsets of presentations. SOAs of 50 ms and 100 ms were compared with simultaneous double stimulation (SOA ϭ 0 ms). To obtain higher accuracies, we kept the stimulation parameters as in Experiment 2 above: Stimuli thus appeared close to fixation, slightly above and below. If presentation was asynchronous, a random algorithm determined whether the upper or the lower stimulus was presented first. A preliminary analysis of response times and accuracies after asynchronous stimulus presentation failed to reveal a difference between upper-first and lower-first conditions or an interaction of the factor locus of first presentation with any of the other factors. All other experimental conditions were the same as in Experiment 1.
Results
Words versus pseudowords. Error scores were low (high accuracy) in each experimental condition (minimum: 90% correct responses), and no significant differences were obtained in analyses using the accuracy measure. This can be explained by a ceiling effect for error scores.
Reaction times revealed a main effect of wordness with faster reactions to words than to pseudowords, F(1, 17) ϭ 17.1, p ϭ .0001, MS ϭ 1,044; a main effect of SOA, F(2, 34) ϭ 24.4, p Ͻ .0001, MS ϭ 467; and a significant Pseudowords ϫ SOA interaction, F(2, 34) ϭ 3.7, p ϭ .04, MS ϭ 659. The significant interaction is displayed in Figure 3 . Reactions to words and pseudowords differed significantly in all three SOA conditions. Words in the 50-ms SOA condition were processed significantly slower than words in the 0-ms SOA condition, F(1, 17) ϭ 44.4, p ϭ .0001, MS ϭ 281. In addition, words in the 0-ms SOA condition were Figure 3 . Results of Experiment 3. Latencies of lexical decisions on pairs of identical words and pseudowords presented simultaneously (SOA ϭ 0 ms) or with SOAs of 50 ms and 100 ms. Simultaneous double stimulation with words led to significantly faster responses than did both SOA conditions. Asterisks represent statistically significant effects between experimental conditions. SOA ϭ stimulus onset asynchrony.
processed significantly faster than words in the 100-ms SOA condition, F(1, 17) ϭ 71.8, p ϭ .0001, MS ϭ 275. Responses to words were not significantly different in the 50-ms SOA and in the 100-ms SOA conditions. Pseudoword data did not reveal differences between the 50-ms SOA condition and either of the other two conditions, but at an SOA of 100 ms, responses were significantly slower compared with an SOA of 0 ms, F(1, 17) ϭ 5.78, p ϭ .02, MS ϭ 867.
Because the interaction appeared to be largely due to wordpseudoword differences in the 0-ms and 50-ms SOA conditions, an additional analysis of variance was performed from which 100-ms SOA data were excluded. This analysis also revealed significant main effects of wordness, F(1, 17) ϭ 28.4, p ϭ .0001, MS ϭ 750, and SOA, F(1, 17) ϭ 22.7, p ϭ .0002, MS ϭ 330; and a significant Wordness ϫ SOA interaction, F(1, 19) ϭ 9.7, p ϭ .006, MS ϭ 490. Direct comparison of data from the SOA conditions greater than 0 (50 vs. 100 ms) also evidenced the two main effects but failed to yield an interaction.
HighF versus lowF words. A two-way ANOVA of the accuracy scores failed to reveal significant effects of the factors word frequency and SOA. Reaction time analyses showed significant main effects of word frequency, F(1, 17) ϭ 10.9, p ϭ .004, and SOA, F(2, 16) ϭ 13.1, p ϭ .0004. HighF words were processed faster than lowF words. Fastest responses were obtained in the 0-ms SOA condition; the slowest response was in the 100-ms SOA condition. The interaction of the two factors was far from significance (F Ͻ 1). However, planned comparisons indicated more pronounced differences between the SOA conditions for lowF words compared with highF words. HighF words showed only an almost significant difference between the 0-ms and 100-ms SOA conditions, F(1, 17) ϭ 3.5, p ϭ .07; whereas lowF words were processed significantly faster in the 0-ms SOA condition compared with the 50-ms SOA condition, F(1, 17) ϭ 11.0, p ϭ .004; and compared with the 100-ms SOA condition, F(1, 17) ϭ 30.68, p Ͻ .0001.
Discussion
The data obtained in this experiment demonstrated that pairs of identical words are processed significantly slower when presented asynchronously compared with simultaneous presentation. The performance decline already occurred at SOAs of 50 ms. This decline in latency is highly significant and also numerically impressive (609 ms at a 0-ms SOA; 646 ms at a 50-ms SOA; the difference is 37 ms). The significant Wordness ϫ SOA interaction in the analysis excluding responses at 100-ms SOA suggests that the word-specific redundancy gain disappeared at short SOAs. In contrast, short SOAs (of 50 ms) do not significantly affect processing of pseudowords. It appears that the redundancy gain can be elicited only in a time window of less than 50 ms after presentation of the first of two redundant stimuli. These results are consistent with Hypothesis 2 above.
Average responses to words presented at 100-ms SOA tended to be further slowed (10 ms) compared with 50-ms SOA (where the difference with 0-ms SOA was already 47 ms). However, this tendency could not be confirmed statistically. Pseudowords also showed a performance decline with increasing SOA showing up in the significant slowing of responses in the 100-ms SOA condition relative to synchronous presentation. However, this decline was gradual and less pronounced compared with the one obtained for words (729 ms at 0-ms SOA; 736 ms at 50-ms SOA; 753 ms at 100-ms SOA; differences were 7 ms and 24 ms). Thus, word and pseudoword processing appear to be differently affected by increasing SOA, as confirmed by the significant Wordness ϫ SOA interaction.
Although no significant interaction of the factors word frequency and SOA was obtained, one may argue that performance decline at 50-ms SOA was more pronounced for lowF words compared with highF words. We mention this because it may be relevant when interpreting the data from Experiment 6 below.
It was surprising that the decline of performance was already obvious at 50-ms SOA between the first and second presentation of word stimuli. On the basis of previous experiments, we expected a negative priming effect to occur at later SOAs. For example, Kanwisher (1987) reported repetition blindness at SOAs of 100 -500 ms, and Hochhaus and Marohn (1991) reported inhibitory priming effects at an SOA of 250 ms. Humphreys et al. (1988) found inhibitory priming effects when the prime was presented for 300 ms and the target followed immediately the prime. Therefore, the performance decrease for words at 50-ms SOA in Experiment 2 was unexpected.
Experiment 4
The results from Experiment 3 do not address the question of whether processing of a single stimulus is aided or disturbed by word repetition with short SOAs, because simultaneous double stimulation served as a baseline condition. In Experiment 4, we investigated whether decline in performance at SOAs of 50 ms and 100 ms post-stimulus-onset is due to the absence of the redundancy gain only, as hypothesized in the discussion section of Experiment 3, or to an actual disturbance or inhibition of the processes induced by the first stimulus. (One should note that the large difference of almost 40 ms between the simultaneous and the 50-ms SOA condition in Experiment 3 made it unlikely that the asynchronous second copy would cause facilitation.) For that purpose, we used a new baseline, a condition in which all stimuli were presented only once, and compared asynchronous redundant presentation with this baseline. The same SOAs as in Experiment 3 were chosen, 50 and 100 ms.
Method
Participants. Twenty university students (17 women, 3 men) participated in this experiment and were paid 15 DM (U.S.$8) per hour for their participation. The mean age of the participants was 22.4 years (range ϭ 19 -28 years). All other characteristics and criteria were the same as in previous experiments.
Material and design. Stimuli and apparatus were the same as in previous experiments. The lexical decision task was the same as in Experiment 3, with the only difference that the simultaneous condition, 0-ms SOA, was replaced by a condition in which only one copy of a stimulus was presented either above or below fixation.
Results
Error scores were low (high accuracy) in each experimental condition (minimum: 90% correct responses), and no significant differences were obtained in analyses using the accuracy measure. This can be explained by a ceiling effect for error scores.
As observed earlier, reaction times revealed a significant main effect of wordness with faster reactions to words than to pseudowords, F(1, 19) ϭ 10.4, p ϭ .004, MS ϭ 1,556, and another significant main effect of SOA, F(2, 38) ϭ 6.7, p ϭ .003, MS ϭ 883. In contrast with Experiment 3, the interaction of these factors was far from significance (F Ͻ 1). Planned comparisons did not reveal any difference between the one-copy baseline and the shorter SOA (50 ms) but significantly delayed performance at an SOA of 100 ms compared with the baseline, F(1, 19) ϭ 12.1, p ϭ .002, MS ϭ 727, and relative to the shorter SOA, F(1, 19) ϭ 7.8, p ϭ .01, MS ϭ 508. The degradation of performance with SOA was equally pronounced for both stimulus categories, words and pseudowords. Further, in the comparison of highF and lowF words, response times revealed a significant main effect of word frequency, F(1, 19) ϭ 19.7, p ϭ .0001, MS ϭ 570, but no interaction of this factor with SOA. These results are presented in Figure 4 .
Discussion
Relative to presentation of one stimulus alone, asynchronous display of an identical copy of the target with short delays led to a decline of performance. This decline was not stimulus specific, and it was of equal magnitude for words and pseudowords. Thus, we concluded that a second redundant copy of a word or pseudoword presented shortly after the target stimulus does not allow for a redundancy gain, but rather can induce a redundancy cost. We speak of a redundancy cost here, using this term in a purely descriptive manner (because redundant stimuli were used), although we are aware that it is likely to be a more general effect not depending on stimulus identity, similar or identical to backward masking. This cost could be observed at an SOA of 100 ms in this experiment.
This result fits well with earlier findings that delayed presentation of an irrelevant letter string disrupts performance on a target stimulus below the level of one stimulus copy (e.g., Di Lollo et al., 1974; and numerous later publications on backward priming). Also in the flanker paradigm, a to-be-ignored flanker displayed shortly after the target frequently led to performance decline (B. A. Eriksen & Eriksen, 1974; Flowers & Wilcox, 1982) . The negative effect of the second identical copy likely relates to these effects, and one may conclude that backward masking, or a backwardmasking-like effect, became apparent at 100 ms in this experiment.
Together with the results from Experiment 3, these results reveal two sequentially and functionally distinct processes: an early redundancy gain specific for words, and a subsequent nonspecific redundancy cost. First, there is a word-specific redundancy gain leading to better performance. This effect becomes apparent only at an SOA of 0 ms. At an SOA of 50 ms, performance on words is substantially below the simultaneous two-copy condition (Experiment 3), and even if one stimulus copy alone was used as the Figure 4 . Results of Experiment 4. Latencies of lexical decisions on words and pseudowords presented once or twice at stimulus onset asynchronies (SOAs) of 50 and 100 ms. In the 100-ms SOA condition, word and pseudoword responses were significantly slower compared with those of both other conditions. Asterisks represent statistically significant effects between experimental conditions. baseline (Experiment 4), the second copy could not improve performance. Thus, it is safe to conclude that at an SOA of 50 ms, the word-specific redundancy gain observed in lexical decision tasks is lost. However, the backward-masking-like effect became effective only at a 100-ms SOA, and this effect was equally present for words and pseudowords. In Experiments 3 and 4, the specific redundancy process could be proven at an SOA of 0, whereas the second process became effective at 100 ms. The data are consistent with Hypotheses 2, 3, and 5 above.
Experiment 5
The purpose of this experiment was to further investigate the putative negative influence exerted by a second identical copy on the processes induced by a target stimulus presented earlier (redundancy cost). According to the Hebbian model, a nonspecific regulation mechanism is activated by each stimulation leading to global inhibition possibly resulting in performance decline (see Hypothesis 3 above).
Method
Participants. Another 20 university students (8 women, 12 men) participated in this study and were paid 15 DM (U.S.$8) per hour. The mean age of the participants was 21.0 years (range ϭ 18 -34 years). All other characteristics and criteria were the same as in the previous experiments.
Material and design. Stimuli and equipment were the same as in the previous experiments.
Lexical decision task. Three presentation modes were applied: SOAs of 100 ms and 200 ms of identical stimulus presentation were compared with presentation of only one copy. All stimuli were presented in the center of the monitor centered on the fixation cross. The reason for this was that in the 200-ms SOA condition (but not in the other SOA condition) the first stimulus could induce a fast eye movement affecting processing of the second. Presentation at fixation was chosen to avoid confounding of results by such eye movements. (One should note that because the latency of fast saccades was about 150 ms, this was not a problem in Experiments 1-4, in which SOAs of 100 ms or below were used.) All other experimental conditions were the same as in Experiment 4.
Results

Words versus pseudowords.
In all experimental conditions, accuracy scores were high (greater than 96% correct responses). No significant differences were obtained in the analysis of accuracies.
Latency scores were analyzed by a two-way Wordness ϫ SOA ANOVA. For both variables, a significant main effect was obtained. Words were processed significantly faster than pseudowords, F(1, 19) ϭ 20.7, p Ͻ .0001, MS ϭ 1,396, and this was also true for each of the three presentation modes. Reaction times were slower with increasing SOA, F(2, 38) ϭ 10.4, p ϭ .0002, MS ϭ 884. Planned comparisons investigating this main effect revealed significant differences between the 200-ms SOA condition and both single stimulation, F(1, 19) ϭ 20.7, p Ͻ .0001, MS ϭ 795, and 100-ms SOA, F(1, 19) ϭ 8.5, p ϭ .002, MS ϭ 1,229. There was no reliable difference between single stimulation and double presentation at 100-ms SOA in this experiment. The Wordness ϫ SOA interaction was far from significance (F Ͻ 1), consistent with a nonspecific global effect. Figure 5 shows performance decline with increasing SOA separately for words and pseudowords.
A main effect of word frequency, F(1, 19) ϭ 20.2, p Ͻ .0001, MS ϭ 982, with faster responses to words, was found in the analysis of word responses. The SOA ϫ Word Frequency interaction was not significant (F Ͻ 1).
Discussion
Redundant stimulus presentation at SOAs of 100 ms and 200 ms again failed to elicit a redundancy gain compared with presentation of only one stimulus. Consistent with the results from Experiment 3, there was a performance decline equally present for words and pseudowords. In contrast with Experiment 3, however, this redundancy cost could not be proven at an SOA of 100 ms, but only appeared at SOA 200 ms. These results support Hypotheses 3 and 5 above.
Increase of response times at an SOA of 200 ms compared with single stimulation was equally pronounced for words and pseudowords. For words, performance decline was 38 ms compared with single presentation, and pseudowords showed a similar pattern (the difference was 20 ms). The significant main effect of SOA, together with the lack of significance of the Wordness ϫ SOA interaction, indicates that a global mechanism not specific for words became effective at an SOA of 200 ms in this experiment. This mechanism, which must be thought of as a mechanism of inhibition or disfacilitation, can be conceptualized as the thresholdregulation device postulated in earlier brain-theoretical work (Braitenberg, 1978) . At an SOA of 200 ms, the second redundant stimulus probably evoked waves of cortical activity and inhibition that were antiphasic to those elicited by the first stimulus, and thus, the two processes tended to cancel each other. This explains slowing of processes induced by the first stimulus (S1).
It is important to mention that this view implies a negative effect not only exerted by the second redundant stimulus onto the first (S1Ј 3 S1) but also a negative effect of S1 onto S1Ј. Thus, Humphreys et al.'s (1988) results can also be explained by the postulated regulation mechanism. In their study, negative priming was revealed for the second stimulus (S1Ј) when an unmasked prime (S1) preceded the target (S1Ј) by 300 ms. At this SOA, the first stimulus should have led to the activation of the regulation mechanism and, thus, to an increase of inhibition.
The obvious inconsistency between the results of Experiments 4 and 5 can easily be resolved on the basis of the differences between experimental paradigms. Recall that in the earlier experiment, a global redundancy cost was present at an SOA of 100 ms, whereas in the present experiment, the performance decline failed to reach significance at this short SOA and became reliable only later, at an SOA of 200 ms. To explain this difference, one must note that stimuli were presented at fixation in Experiment 4, whereas they were not flashed to the center of the fovea in Experiments 1-4. One should note again that this change was made for methodological reasons, to avoid stimulus-induced fast eye movements. A target stimulus presented at fixation likely causes stronger activity in the central nervous system, because the density of receptor cells is higher in the fovea and, thus, more cortical neurons are activated by a stimulus flashed to the fovea compared with the identical stimulus being presented outside or at its border. The stronger wave of activity caused by a foveal stimulus is likely to be less sensitive to disturbance, such as induced by the global-inhibition wave caused by a backward mask or second identical copy. Thus, the increase of SOAs at which the global-repetition cost could be detected in Experiments 4 and 5 can naturally be explained by differences in the experimental settings.
Although the latency of the second stimulus causing a redundancy cost can vary with the locus of stimulus presentation, and possibly with other factors, we wish to reemphasize the common feature of the effects seen in Experiments 4 and 5: The cost was not specific to stimulus class, consistent with a global effect distinct from the early and word-specific beneficial effect of stimulus redundancy obtained in Experiments 1 and 2 (and likely also in Experiment 3). The analysis of responses to words of different frequencies did not support the idea that redundant-stimulus presentation at increasing SOAs had different effects on highF and lowF words, although average values suggested a steeper decline with SOA for lowF words than for highF words.
Experiment 6
The results so far obtained can be summarized as follows: The word-specific redundancy gain occurred at an SOA of 0 ms, but vanished at small SOAs (50 ms and above). At longer SOAs (100 ms or 200 ms, depending on parameters of the experiment), the redundant copy demanded a processing cost equally affecting words and pseudowords. These data support the model introduced above (Hypotheses 1, 2, 3, and 5) . However, this model makes an additional strong prediction stated in Hypothesis 4; namely that in addition to the redundancy gain at an SOA of 0 ms, there should be a second positive priming effect at an SOA greater than 0 specific for lexical material.
The aim of this experiment was to investigate whether there is a time delay (i.e., SOA) in which the second presentation of an identical stimulus leads to better processing of the first stimulus compared with single-stimulus presentation. For pseudowords, a gradually stronger performance decline was expected with increasing SOAs. Redundant stimulus presentation at SOAs greater than 0 ms was expected to lead to better processing of a meaningful S1, because it was hypothesized that simultaneous occurrence of two activation processes-sensory activation elicited by S1Ј and cell-assembly ignition following S1-may yield spatial summation of neuronal activity within cell assemblies and thus faster and/or more accurate processing (as detailed above). Electrophysiological data show that activation of visual cortices starts 50 ms after the onset of visual stimuli, and, depending on stimulus category, there were electrophysiological differences in cortical activity patterns starting as early as about 200 ms after stimulus onset (see Pulvermü ller, 1999) . If these category-specific activation patterns are interpreted as activation signs of neurocognitive representations, the time difference between the two postulated activating processes, (a) sensory activation and (b) ignition, would lie between 100 and 200 ms. This consideration was the reason why an SOA of 150 ms was chosen. The 150-ms SOA condition was compared with single-stimulus presentation and with a condition of much longer SOA (300 ms).
Method
Participants. Twenty-four university students (12 women, 12 men) were paid for their participation in the experiment. The mean age of the participants was 22.4 years (range ϭ 19 -26 years). All other characteristics and criteria were the same as in the previous experiments.
Material and design. Stimuli, equipment, and design were the same as in Experiment 5 except for SOAs. The presentation of a single stimulus was compared with redundant stimulus presentation at SOAs of 150 and 300 ms.
Results
Words versus pseudowords. Accuracy scores for words and pseudowords revealed a significant main effect of SOA, F(2, 46) ϭ 10.5, p ϭ .003, indicating higher accuracy scores with increasing SOA (95%, 96%, and 97%, respectively).
In a two-way ANOVA, latency scores showed significant main effects of wordness, F(1, 23) ϭ 19.8, p ϭ .0002, MS ϭ 7,792; and SOA, F(2, 46) ϭ 22.7, p Ͻ .0001, MS ϭ 1,006. Words were processed significantly faster than pseudowords, and in the 300-ms SOA condition, slower reaction times were obtained compared with the other two conditions.
The Wordness ϫ SOA interaction was also significant, F(2, 46) ϭ 5.1, p ϭ .009, MS ϭ 465. Planned comparisons revealed significant differences between responses to words presented at the two SOAs, 150 and 300 ms, F (1, 23) Figure 6A .
To further confirm that there was a word-pseudoword difference in the effect of a second copy on the processing of the target stimulus, we compared only these two conditions (one copy, 150-ms SOA) in an additional analysis. The Wordness ϫ Presentation Mode (or SOA) interaction was significant, F(1, 23) ϭ 6.1, p ϭ .02, MS ϭ 394, further confirming a differential effect.
One may still question the reliability of this effect by pointing to the results of Experiment 5 in which there was also no pronounced difference in response times on word stimuli between the onestimulus condition and redundant stimulus presentation at an SOA of 100 ms. Direct comparison of the data from the two experiments, 5 and 6, would be problematic, because, as can be seen from Figures 5 and 6 , the general level of performance differed. This likely relates to interindividual differences in the two participant populations tested. We therefore compared word and pseudoword responses from the one-copy condition with the first SOA condition, 100 ms in Experiment 5 and 150 ms in Experiment 6. This analysis yielded a significant three-way interaction of the between-group variable experiment (Experiment 5 vs. Experiment 6) with the within factors of wordness (words vs. pseudowords) and condition (one copy vs. short SOA), F(1, 42) ϭ 4.2, p ϭ .04, MS ϭ 353. This is additional evidence that word and pseudoword processing was differentially affected by the presentation of an additional redundant copy at the two SOAs, 100 and 150 ms.
HighF versus lowF words. No significant results were obtained in the analysis of accuracy data. Latency analyses revealed a significant main effect of word frequency, F(1, 23) ϭ 68.8, p Ͻ .0001, MS ϭ 494; and SOA, F(2, 19) ϭ 16.8, p Ͻ .0001, MS ϭ 993. HighF words were processed faster than lowF words (614 vs. 645 ms). In addition, the Word Frequency ϫ SOA interaction was significant, F(2, 46) ϭ 4.2, p ϭ .02, MS ϭ 1,130. Planned comparisons revealed a significant difference between the singlestimulation condition and a 150-ms SOA, F(1, 23) ϭ 5.4, p ϭ .03, MS ϭ 1,004. Responses to highF words were significantly faster after double presentation at an SOA of 150 ms compared with single presentation (619 vs. 598 ms; a difference of 21 ms). Furthermore, the difference between the 150-ms and 300-ms SOA conditions was significant, F(1, 23) ϭ 10.1, p ϭ .004, MS ϭ 988 (slower responses at an SOA of 300 ms). In contrast, responses to lowF words exhibited no significant difference in latencies between single stimulation and 150-ms SOA. There were significant differences between single stimulation and the 300-ms SOA condition, F(1, 23) ϭ 19.1, p ϭ .0001; and between the 150-ms SOA and the 300-ms SOA conditions, F(1, 23) ϭ 28.2, p Ͻ .0001, MS ϭ 756. Responses to lowF words were slowest at 300-ms SOA. Figure 6B displays the significant Word Frequency ϫ SOA interaction.
Discussion
Responses to words and pseudowords were differently processed in the three presentation modes, single stimulus versus double stimulation at SOAs of 150 ms and 300 ms. For pseudowords, the second presentation led to slowing of responses, and slowing became more pronounced with increasing SOAs. For words, the second redundant stimulus also led to significant slowing when presented at an SOA of 300 ms. However, in contrast to pseudowords, there was no slowing of word responses at an SOA of 150 ms, but rather a tendency toward reduced latencies. When words of highF and lowF were compared, statistical analyses indicated that there was a subpopulation of words that actually profited from double presentation at an SOA of 150 ms. A significant interaction and planned comparisons demonstrated that the second identical stimulus presented at an SOA of 150 ms actually led to speeding of responses to highF words by 21 ms. LowF words did not show this difference.
The gradual performance decline for pseudowords with longer SOAs is consistent with the results of Experiments 2-5. In these experiments, we also found a gradual slowing of reactions with increasing SOAs. In Experiment 6, this finding was further extended by a pronounced slowing of responses between a 150-ms SOA and a 300-ms SOA. These data indicate that the later a pseudoword is being presented, the more the processes following presentation of an earlier identical pseudoword will be disturbed. We used this gradual deterioration of responses with increasing Figure 6 . Results of Experiment 6. All stimuli were presented at a central location either once or twice with stimulus onset asynchronies (SOAs) of 150 and 300 ms between presentations. In the 150-ms SOA condition, lexical decisions on words tended to be faster compared with those of both other conditions. Asterisks represent statistically significant effects between experimental conditions. A: The slowest responses were obtained in the 300-ms SOA condition. B: In the 150-ms SOA condition, responses to high-frequency (high F) words were significantly faster compared with both other conditions (ignition priming). Low F ϭ low frequency. SOA as the baseline against which we interpret the processing dynamics obtained for words.
Although pseudowords demonstrated a performance decline at an SOA of 150 ms compared with single stimulation, words did not cause such decline. There were even slightly faster average responses to words at an SOA of 150 ms. This resulted in a significant Wordness ϫ SOA interaction. Additional analyses confirmed that (a) differential processing changes for words and pseudowords were present between the one-copy condition and redundant double presentation at an SOA of 150 ms, and (b) the change induced by the 150-ms SOA was different from the one seen with an SOA of 100 ms in Experiment 5, in which words and pseudowords behaved in the same manner. Furthermore, the effect occurring at an SOA of 150 ms did not resemble the one observed at an SOA of 200 ms (also in Experiment 2), because performance decline at 200-ms SOA was equally present for all stimuli, and no significant interactions of stimulus category variables were obtained. In contrast, the significant Wordness ϫ SOA interaction obtained in Experiment 6 shows that the processing of words and pseudowords is differently affected by time delays between their redundant presentations.
Double stimulation at an SOA of 150 ms has a different effect on word processing than on pseudoword processing. Compared with pseudoword reactions, responses to words appear to be unexpectedly fast at an SOA of 150 ms; that is, the to-be-expected performance decline which can be estimated on the basis of pseudoword responses was absent. A tentative explanation is possible on the basis of Hypothesis 4: Words may have profited from the second redundant presentation because neuronal activity in cell assemblies representing words was enhanced by the second redundant presentation because of synchrony of excitation processes. At a 150-ms SOA, sensory activation processes (Process A) elicited by S1Ј and cell-assembly ignition (Process B) elicited by S1 may occur simultaneously, thus allowing for facilitatory interaction between these processes. This point is further discussed in the General Discussion.
Although there is evidence that word and pseudoword processing is differently affected by redundant stimulus presentation at an SOA of 150 ms, Hypothesis 4 is not fully confirmed by the present data. Responses to words were not-as predicted by this hypothesis-better than following single stimulation; only a nonsignificant tendency toward improved performance may be inferred from the data. However, the significant Word Frequency ϫ SOA interaction proved that there were processing differences between highF and lowF words. At an SOA of 150 ms of redundant stimulation, a significant processing advantage was found for highF words compared with the single-stimulation condition. On average, redundant presentation at an SOA of 150 ms led to a speeding of responses by 21 ms compared with nonredundant stimulation. No similar effect was seen for lowF words. Thus, Hypothesis 4 above could be fully verified but only for a fraction of the lexical material used in the present experiment, that is, for the words with frequencies 100 per million or higher. For these meaningful items, there is an SOA greater than 0 at which redundant presentation leads to faster processing relative to nonredundant stimulation. Possible explanations of this result are proposed in the General Discussion.
When two identical words or pseudowords were presented at an SOA of 300 ms, a pronounced decline in performance was observed compared with single stimulation (and compared with the 150-ms SOA condition). This slowing, which did not differ between stimulus classes, was similar to the one obtained in Experiments 4 and 5. These experiments suggested that the redundancy cost became larger with increasing SOA. At an SOA of 200 ms or higher, the processes elicited by the first of two redundant stimuli were substantially slowed by those induced by the second stimulus. This effect may reflect a global and unspecific inhibitory process. As mentioned earlier, negative (inhibitory) priming effects at SOAs around 200 -500 ms have been found in previous studies (see, e.g., Hochhaus & Marohn, 1991; Humphreys et al., 1988; Kanwisher, 1987) . These studies show that the processing of the second stimulus (target) is disturbed by an earlier presentation (prime) of the same stimulus if there is a delay of 200 -500 ms between presentations. Similar effects were seen for the effect of a second irrelevant stimulus on the processing of a preceding target. Therefore, there appears to be a consistent result emerging from all of these interference studies that may be summarized as follows: If two identical stimuli are presented at an SOA of 200 ms or longer (but not longer than 500 ms), there is a performance decline (slowing of responses or increase of error rates) compared with a single-stimulus presentation. It appears that processes elicited by the first and second stimulus exert a negative influence on each other if SOAs are in the range of a few hundred milliseconds. A hypothetical process that may underlie this negative effect on behavior is that cortical activation and inhibition processes elicited by the two stimuli are antiphasic, and therefore, excitation processes induced by S1 occur simultaneously with inhibition processes evoked by S1Ј and vice versa. In this case, activation processes should be overlaid by inhibition processes and thus be disturbed.
Experiment 7
Different effects of identical copies presented 150 ms after the target on the processing of words and pseudowords manifested themselves in significant interactions of the factors wordness and SOA revealed by Experiment 6. One may, however, argue that the redundancy gain at an SOA of 150 ms needs to be replicated before a strong interpretation is possible. We therefore conducted an additional experiment in which the one-copy condition and the 150-ms SOA were maintained. To get an idea about the width of the time window in which facilitation by the asynchronous identical copy of a word can lead to performance improvement, we chose an additional SOA of 180 ms.
As shown by an earlier study , the redundancy gain for words seen with simultaneous stimulus presentation can be obtained with either dependent variable used in this kind of experiment, latencies or accuracies. In Experiment 7, we asked whether the redundancy effect at an SOA of 150 ms can also be shifted to the accuracy measure. To achieve this, we decreased the presentation time to reduce the probability of accurate stimulus perception.
Method
Participants. Another 24 university students (16 women, 8 men) were paid 15 DM (U.S.$8) for their participation in the experiment. The mean age of the participants was 24.0 years (range ϭ 21-30 years). All other characteristics and criteria were the same as in the previous experiments.
Material and design. Stimuli, equipment, and design were the same as in the previous experiments, except for the following differences: (a) The second SOA was 180 ms instead of 300 ms, and (b) presentation time was reduced to 12 ms.
Results
Words versus pseudowords. In this experiment, accuracy scores revealed a robust effect of SOA, F(2, 46) ϭ 19.5, p ϭ .0001, and a significant Wordness ϫ SOA interaction, F(2, 46) ϭ 27.7, p Ͻ .0001. Error percentages of pseudoword responses did not significantly change with presentation mode, although there was a slight reduction of average values obtained in the two SOA conditions (18.3% vs. 17.5% vs. 17.2%) . In contrast, words elicited significantly more errors when presented only once (22.2%) compared with redundant presentation at both SOAs, 150 ms (11.0%), F(1, 23) ϭ 90.5, p Ͻ .0001, MS ϭ 0.001; and 180 ms (10.5%), F(1, 23) ϭ 85.6, p Ͻ .0001, MS ϭ 0.001. A pronounced and word-specific facilitation effect was therefore evidenced by the accuracy measure for both SOAs. This is demonstrated in Figure 7A .
In a two-way ANOVA, latency scores evidenced significant main effects of wordness, F(1, 23) ϭ 22.2, p ϭ .0001, MS ϭ 15,537; SOA, F(2, 46) ϭ 10.6, p Ͻ .0001, MS ϭ 1,569; and again a significant Wordness ϫ SOA interaction, F(1, 23) ϭ 3.2, p ϭ .04, MS ϭ 1,469. Consistent with the results from Experiment 6, planned comparisons revealed a pronounced performance decline when a second copy was presented at an SOA of 150 ms for pseudowords, F(1, 23) ϭ 8.1, p ϭ .009, MS ϭ 1,733. Essentially the same result was obtained for an SOA of 180 ms, F(1, 23) ϭ 18.1, p ϭ .0003, MS ϭ 2,109. The significant Wordness ϫ SOA interaction is displayed in Figure 7B .
HighF versus lowF words. No significant results were obtained in the analysis of accuracy data, and latencies indicated slightly faster responses to highF words (average values: 758 vs. 776 ms), a possible tendency that did not reach significance, F(1, 23) ϭ 3.5, p ϭ .08, MS ϭ 1,512.
Discussion
The significant Wordness ϫ SOA interaction obtained in Experiment 6 was replicated in Experiment 7, this time on both accuracy and latency measures. Again, performance decline was obvious on the latency measure when a pseudoword was followed by an identical copy at an SOA of 150 ms, and the same was seen at an SOA of 180 ms. In contrast, performance on meaningful words did not significantly change when the second identical stimulus appeared at these SOAs. Thus, we can firmly conclude that there is something in the processing of words that helps them to overcome the pronounced redundancy cost visible in pseudoword responses. In addition, the error measure provided evidence that word processing can actually profit from the second copy presented at a 150-ms delay or slightly later. Error scores were markedly reduced in both SOA conditions compared with the single-stimulus condition. But this improvement was specific for words, and there was no indication of a similar effect for pseudowords in the present experiment.
We should mention two differences between the results of this and our previous experiment . First, performance was lower (about 10% on accuracies and about 200 ms on latencies). This was clearly related to the change in the experimental setting. Recall that this was done to yield an effect on the accuracy measure, a strategy that was successful. Second, response times did not increase for words, and the analysis of highF and lowF words could not confirm the significant interaction revealed by the latency measure obtained earlier. As mentioned in the Discussion section of Experiment 1, it is common that an effect on the response-time measure vanishes when error rates increase. This likely relates to the reduced number of averages entering the latency analysis and the thereby reduced signal-tonoise ratio and higher variance. Third, a facilitation effect for all words, without dependence on word frequency, newly emerged on the accuracy measure. One may hypothesize that in Experiment 6 this effect was due to a floor effect of error scores (or ceiling effect of percentage-correct scores). Recall that error scores were 4% in the previous experiments and rose to 16% in this experiment.
In contrast to Experiment 6, in which a redundancy gain at 150-ms SOA was found only for highF words, Experiment 7 indicated that facilitation-relative to the one-copy conditionwas generally present for all kinds of words. From the standpoint of the neurocognitive model introduced above, the new results are much more in accordance with Hypothesis 4, in which a facilitation effect was predicted for all word material. However, we note that a redundancy gain for highF words could be replicated but that results for lowF words are somewhat conflicting. Thus, when speaking about an actual facilitation effect of delayed redundant presentation compared with the single-stimulus condition, we restrict our conclusions to highF words, keeping in mind that the issue needs to be further clarified for less common words.
General Discussion
Experiments 1-7 investigating effects of redundant presentation of meaningful words and meaningless pseudowords at different SOAs in part confirmed predictions derived from a neurobiological model of cognitive processing. The results were as follows:
1. A redundancy gain was found for words presented simultaneously. Simultaneous presentation of two identical words in the left and right visual hemifields (Experiment 1) or in the superior and inferior visual field (Experiment 2) led to more accurate or faster responses compared with single-stimulus presentation in either hemifield. The effect was specific for words, as evidenced by significant Presentation Mode ϫ Wordness interactions.
2. A loss of the redundancy gain was found for words at short SOAs. At an SOA of 50 ms, redundant word presentation led to slower responses compared with simultaneous redundant presentation, as revealed by a significant Wordness ϫ Presentation Mode (SOA) interaction (Experiment 3). Slightly asynchronous redundant presentation was not significantly different from presentation of one-stimulus copy alone (Experiment 4). 3. A nonspecific redundancy cost was found at longer SOAs. Redundant stimulus presentation at longer SOAs, 100 or 200 ms, depending on parameters of the experiment, increased response times compared with nonredundant stimulus presentation (Experiments 4 -5). In contrast with the earlier loss of the redundancy gain, this is a global effect equally affecting both words and pseudowords, as evidenced by main effects of SOA.
4. A second redundancy gain was found for highF words presented at an SOA of 150 ms. Significant Wordness ϫ SOA interactions showed that redundant presentation of pseudowords at an SOA of 150 ms leads to slowing of responses, whereas word responses at the same SOA were not slowed (Experiments 6 and 7). An actual improvement of performance when a second identical stimulus is being presented (compared with a single stimulus) was revealed by response times in Experiment 6 and by accuracies in Experiment 7. However, in Experiment 6, this redundancy gain was limited to words of highF.
5. There was no indication of any redundancy gains for pseudowords. Figure 8 presents the gist of our results in graphical form. Before discussing each result, it should be reemphasized that there were pronounced differences in behavioral data (reaction times and error scores) between the experiments. This was due to changes in the presentation of stimuli that were necessary for methodological reasons, as explained in great detail above. In Experiment 1, stimuli were projected to the perifoveal area (up to 4°from fixation), whereas in all other experiments they were presented closer to or at fixation. Furthermore, presentation time was varied. This explains, for example, why long reaction times for words (750 -850 ms) and high error scores (up to 40% in the LVF condition) were obtained in Experiment 1, whereas shorter reaction times (600 -650 ms) and lower error scores (less than 10%) emerged from Experiments 2-4. Smaller differences in overall performance levels between very similar experiments (e.g., Experiments 4 and 5) likely relate to interindividual differences, because different participant groups participated in the experiments. Therefore, differences in overall performance between experiments cannot be interpreted, but rather the main effects and interactions obtained within each of the experiments should be explained.
Most results were obtained on the latency measure, with the exception of those from Experiment 1, in which a highly significant Presentation Mode ϫ Wordness interaction was obtained in accuracies (redundancy gain relative to the RVF). This result was not obtained in the analysis of response times. As elaborated in the Figure 8 . Graphical summary of results. The abscissa specifies six time points. These indicate the delay between the two redundant copies of word and pseudoword stimuli. The line with circles represents word responses, and the line with squares represents pseudoword responses. The exact boundaries of the intervals where the respective effects occur cannot be exactly defined on the basis of the present results, and they may vary, within certain bounds, between individuals. Therefore, the abstract nomenclature (t0, t1, etc.) is preferred to the insertion of concrete numbers. Predicted relative improvement or deterioration between stimulus onset asynchrony conditions are indicated on the ordinate. At t0, the cases of single and redundant stimulus presentation are distinguished. Performance is a measure of reaction times and error scores; upward movement on the y-axis represents better performance. t0 ϭ 0 ms; t1 ϭ 50 ms; t2 ϭ 100 ms; t3 ϭ 150 and 180 ms; t4 ϭ 200 ms; t5 ϭ 300 ms.
Discussion section of Experiment 1, this can be explained on the basis of a speed-accuracy tradeoff. The situation is similar in Experiment 7, although in this experiment the theoretically interesting interaction was significant on both dependent measures. Taking the results of this study together with earlier results , we conclude that redundancy gains can be revealed by the latency measure, by the accuracy measure, or by both, and that there is a systematic relationship between visibility of stimuli (e.g., their distances from fixation) and the measure showing the effect Mohr et al., 1996; .
In what follows we discuss the results in the Hebbian cellassembly framework (Pulvermüller, 1999) and in the light of other theories of cognitive processing. The Hebbian model suggests the following explanation of word-specific 2 positive priming effects (1 and 4): For words, there is a redundancy gain when two stimulusinduced excitatory processes occur simultaneously (or near-simultaneously; that is, within a time window of less than 50 ms). If presentation of each meaningful stimulus leads to two excitatory cortical processes-namely (a) activation of sensory cortices and (b) ignition of its cortical representation-two possibilities to obtain simultaneous activation processes result: (a) synchronous stimulus presentation and (b) an SOA between stimulus presentations such that sensory activation (Process A) elicited by the second stimulus (S1Ј) is synchronous with ignition of the representation (Process B) evoked by the first stimulus (S1). Redundancy gain at an SOA of 0 can be explained by summation of neuronal activity during simultaneous activation processes in the cell assembly. The redundancy gain obtained at an SOA of 150 ms for highF words-for which we propose the term ignition gaincan be explained on the basis of simultaneity of sensory activation (Process A) caused by S1Ј and ignition (Process B) caused by S1. In both cases the explanatory principle is the same, namely synchrony of neuronal excitation processes that leads to summation of neuronal activity in cortical cell assemblies and, therefore, to speeding of responses (or increase of accuracies). Thus, early positive priming caused by redundant presentation of meaningful stimuli can be related to the neurophysiological process of spatial summation of EPSPs. If a cortical representation, a Hebbian cell assembly, is stimulated twice and activation processes occur simultaneously, the process of spatial summation of EPSPs can occur at many assembly neurons, thus allowing for faster and more reliable excitation of these neurons and thereby faster ignition of the entire assembly. Faster and more reliable activation of word representations allows for faster and/or more accurate responses. The SOA at which the ignition gain was found is in agreement with the model and the predictions based on the psychophysiological literature.
Contrary to the prediction, ignition priming was not consistently observed for all meaningful stimuli. Although it was present for all words in Experiment 7, it was restricted to very common items in Experiment 6. From the Hebbian perspective, there are essentially two possibilities to provide a tentative explanation for this. First, it is possible that the exact point in time when cell-assembly ignition occurs depends on properties of the assembly, in particular on the frequency with which it has been activated in the past. Hebb's principle of synaptic learning states that simultaneous activity of neurons leads to strengthening of their synaptic connections, and this implies stronger assembly-internal connections with more frequent activation (higher stimulus frequency). Hence, strong within-assembly connections can be postulated for the cortical representation of words with high word frequencies, whereas these connections should be weaker for assemblies representing words of lower frequencies . The stronger the connections within a network, the faster it will become fully active after stimulation, and the SOA at which ignition priming occurs should vary accordingly. (This view would also predict that there is an SOA slightly higher than 150 ms at which ignition priming can be observed for lowF words but not for highF words.)
A possible explanation of the absence of ignition priming for lowF words is based on the assumption that a sufficiently strongly connected network is necessary to allow for substantial summation of activity at nonzero SOAs of stimulus presentation and for allowing the summation process to become substantial enough to cause significant changes in response latencies. Hebb's principle of synaptic learning states that simultaneous activity of neurons leads to strengthening of their synaptic connections, and this implies stronger assembly-internal connections with more frequent activation (higher stimulus frequency). Hence, strong withinassembly connections can be postulated for the cortical representation of words with high word frequencies, whereas these connections should be weaker for assemblies representing words of lower frequencies . Therefore, the absence of a redundancy gain at 150-ms SOA, as revealed by Experiment 6, can be tentatively explained by reduced intra-assembly summation resources. However, the significant and robust improvement of performance seen with asynchronous double presentation for all words in Experiment 7 may indicate that lowF words can also exhibit an ignition gain.
EPSPs in cortical neurons typically exhibit fast decay so that they have vanished 10 -50 ms after their onset. Consistent with the idea that the redundancy gain for words is based on summation of EPSPs, it vanished at an SOA of 50 ms. Although this is certainly not the only way to account for the loss of word-specific redundancy gain at SOA of 50 ms, this consideration shows that on the basis of the Hebbian framework it is possible to propose a biological account not only for the loss of the redundancy gain but, in addition, for why this already happened at such a short asynchrony. Another possibility is that exact simultaneity of stimulus presentation is necessary, because short asynchronies lead to dou-2 The biological framework based on Hebb's concept of cell assemblies suggests that pseudowords do not show a bilateral advantage, because they do not have cortical interhemispheric neuron assemblies corresponding to them and allowing for activity summation between the hemispheres. However, it is known from language-acquisition research that certain pseudowords are used in early infancy during the babbling phase. Because of the frequent use of these pseudowords in early ontogenesis, the Hebbian model assumes that they are cortically represented in interhemispheric cell assemblies (Braitenberg & Pulvermüller, 1992) . The most frequent utterances during infancy are repetitions of the same simple syllables (CV or CVC syllable structure). On the basis of these considerations, the occasionally reported bilateral advantage observed for CVC syllables is consistent with the model, as is the absence of a bilateral gain for the more complex pseudowords used in our own experiments (see Mohr et al., 1996 , for further discussion). ble initialization of the regulation process and, therefore, to enhancement of cortical inhibition or disfacilitation. However, this latter view would predict equal performance decline of both word and pseudoword responses with increasing SOA greater than 100 ms. The fact that no performance decline was obtained for pseudowords (Experiment 2) argues against this second explanation.
Both word and pseudoword responses were slowed by redundant stimulus presentation at SOAs of 200 ms (Experiment 5) and 300 ms (Experiment 6), and in Experiments 3 and 4, such slowing was already visible at an SOA of 100 ms (see also the Discussion section of Experiment 5). For pseudowords, redundant presentation at an SOA of 150 ms also led to a processing cost. Thus, Experiments 3-7 consistently revealed monotonously increasing response times with SOA for pseudowords starting at an SOA of 100 -150 ms. A similar performance decline was observed for redundant word presentation (although no deterioration or even actual gains were present at 150-ms SOA). These data may reflect the working of an inhibitory or disfacilitatory process activated by the second stimulus and exerting an influence on processes following the first stimulus. In brain-theoretical and cybernetic work, a regulation mechanism has been proposed to control the general activity level of the cortex (Braitenberg, 1978; Fuster, 1995) , and this control mechanism responds to activation processes, such as those induced by external stimulation, by exerting global inhibition. This global inhibition may be visible in positive components of the event-related potential (Elbert & Rockstroh, 1987) . If stimuli are presented simultaneously or with short SOAs, they would therefore activate the regulation mechanism only once. However, if double stimulation becomes more separated in time, the regulation mechanism may be activated twice, thus leading to more pronounced and/or longer lasting general inhibition or disfacilitation. The second wave of inhibition elicited by S1Ј may attenuate activation processes caused by S1, thus leading to slowing of responses.
Assuming that inhibitory or disfacilitatory processes are similar for words and pseudowords, it is possible to interpret word responses against a baseline of pseudoword responses. Responses to words at an SOA of 150 ms appeared to be unexpectedly fast. This consideration suggests that even the absence of any change in responses to lowF words at an SOA of 150 ms compared with single stimulation may be interpreted as the result of a facilitatory process preventing slowing of responses. If this interpretation is accepted, the presence of an ignition gain for lowF wordsrelative to the pseudoword baseline-can be postulated on the basis of the data from Experiment 6.
In summary, both positive priming effects, that is, word-specific redundancy gain and ignition priming most obvious for highF words, can be explained by simultaneous neuronal excitation processes (e.g., sensory activation, ignition). Negative priming effects can be related to a cortical regulation mechanism responding to external stimulation by inhibition or disfacilitation. The present results suggest the following time course of these excitatory and inhibitory processes: Cell-assembly ignition may occur around 150 ms after sensory activation. Because in the visual cortex the latter process is known to start around 50 ms after stimulus onset, ignition of the cortical representation of a word (cell assembly) may occur around 200 ms after stimulus onset. This is consistent with event-related potential data revealing word-class-specific electrocortical responses around 200 ms after stimulus onset, which may reflect ignition of cell assemblies representing words (for review and discussion see Pulvermüller, 1996 Pulvermüller, , 1999 ; see also introductory paragraphs of the present article).
Part of the data obtained in the present series of experiments can be accounted for on the basis of other theories of cognitive processing. Taken for itself, the redundancy gain for words can be accounted for by so-called race models assuming that each stimulus initiates a specific cognitive process and that the fastest of these independent processes determines responses of the study participant (Miller, 1982) . The argument rests on the fact that, on average, the faster of two processes t 1 and t 2 of average duration t-but randomly varying around t-is faster than one of these processes. From a race model perspective, one may argue that short SOAs lead to a reduction of the overlap between distributions of t 1 s and t 2 s and thus will reduce or even annihilate any redundancy gain for words. A race model, however, cannot account for costs of redundant stimulus presentation at SOAs greater than 100 ms (as revealed by Experiments 5-7), and it would need substantial extension to explain ignition gains for words at an SOA of 150 ms (Experiments 6 and 7). In addition, as detailed above, race models cannot account for the absence of redundancy gain in split-brain patients whose hemispheres simultaneously receive redundant meaningful information. Finally, this framework has difficulty explaining lack of redundancy gain for meaningless material (pseudowords), as evidenced by Experiments 1 and 2, and the differential effects of SOAs on word and pseudoword processing, as revealed by Experiments 3, 6, and 7. Thus, race models cannot account for the present results.
One may argue that redundancy gain and loss of redundancy gain at short SOAs (50 ms) may possibly be explained on the basis of the assumption that experiment participants only processed or attended to one of the two stimuli presented and that they randomly switched between the loci of presentation. In this case, response times would be expected to be slowed by half of the time of SOA, that is, by 25 ms in the 50-ms SOA condition and by 50 ms in the 100-ms SOA condition. One should note that these numbers are close to the differences of 37 ms and 42 ms obtained for words in Experiment 3. However, we consider this view problematic, because it would suggest that a similar latency decline should be present for pseudowords as well, which was not the case (differences were only 9 ms and 24 ms for pseudowords; see Experiment 3). This view would suggest a gradual decline for both words and pseudowords with increasing SOA and could explain a main effect of SOA, but it would be inconsistent with the significant SOA ϫ Wordness interactions.
This position can be maintained only if different processing strategies are assumed for words and pseudowords. Although it may be speculated that only one of the word stimuli is being processed (or attended to) and, therefore, reaction times increase by SOA / 2, pseudoword processing could be assumed to be based on a "deadline strategy" (Chiarello, 1988 ) that must be initialized by the first stimulus presentation. Accordingly, pseudoword responses would follow if no word has been recognized after a fixed delay (or deadline) after onset of S1. There are three reasons why we believe that this assumption is problematic. For these reasons, we do not see how this line of thought can account for the present results:
1. It implies that in the case of words, the locus of the stimulus determines whether it will be processed, whereas, in the case of pseudowords, the first stimulus, independent of its locus, triggers the deadline strategy. To provide a convincing explanation, one would need to clarify how the locus of presentation can be so critical for one kind of stimulus whereas this variable would not be relevant for physically very similar stimuli that can only be differentiated at a relatively late stage of the visual path.
2. The proposal cannot account for the present data, because it leaves the decline of responses to pseudowords presented twice at SOAs greater than 100 ms unexplained.
3. There would be no explanation of the ignition gain at an SOA of 150 ms.
Additional explanations could be based on the line of reasoning offered by Luo and Caramazza's (1995) explanation of repetition blindness. They attribute repetition blindness to the refractoriness of neuronal systems involved in perceptual recognition. Immediately after its full activation, the recognition node remains less excitable for some time (a few hundred milliseconds). During this time, a second stimulus may fail to activate it. It is interesting to consider this model in the light of the present data. The nonspecificity of redundancy costs, their equal magnitude for words and pseudowords, is not only compatible with a global inhibitory process, as we proposed in the introductory paragraphs of the present article, but could as well be related to refractoriness (or habituation) of neuronal representations. To be consistent with the present findings, this process would have to be assumed at the level of perceptual units (visual feature detectors) or at a higher stage (e.g., grapheme representations). One would probably locate it below the level of lexical representations, to account for the absence of any word-pseudoword difference that would otherwise be expected. However, to account for facilitatory effects found earlier (e.g., Flowers & Wilcox, 1982; Kiger & Glass, 1983) and for the redundancy gains at the SOAs of 0 and 150 ms reported here, the model would need to incorporate an additional excitatory component.
Although our interpretation needs additional support from psychophysiological studies using short SOAs, it demonstrates that the present data on the effects of redundant presentation of meaningful and meaningless material can be explained in the framework of a neurobiological model of higher cognitive processes.
